Experience has taught t h a t f i r e s can occur i n and around a subway c a r . A f i r e o r i g i n a t i n g i n a subway car may r e p r e s e n t a s e r i o u s hazard t o t h e car occupants i f t h e r e i s a p o s s i b i l i t y of t h e r a p i d development of h e a t , smoke, and t o x i c products, and d i f f i c u l t i e s involved i n r a p i d evacuation [1, 2] 1.
I n t h e p a s t , most subway f i r e s have been a t t r i b u t e d t o t h e high
v o l t a g e (600-700 v o l t ) f e e d e r system. This can be caused by t h i r d r a i l a r c i n g o r s h o r t i n g , by breakdown of t h e i n s u l a t i o n i n t h e motor c o n t r o l boxes o r o t h e r p a r t s of t h e e l e c t r i c a l system, o r by leakage of c u r r e n t due t o d i r t and g r e a s e c o l l e c t i n g on t h e underside of t h e c a r r i a g e .
I n g e n e r a l , a s m a l l percentage of f i r e s appear t o have o r i g i n a t e d in the interior of t h e subway c a r . However, most subway cars i n t h e p a s t have been f u r n i s h e d w i t h materials which w e r e noncombustible o r d i f f i c u l t t o i g n i t e . Current design concepts i n c o r p o r a t e an increased 'Numbers i n b r a c k e t s r e f e r t o t h e l i t e r a t u r e r e f e r e n c e s l i s t e d a t t h e end of t h i s paper. 1 emphasis on t h e a e s t h e t i c impact of a c a r ' s i n t e r i o r with an a t t e n d a n t growth i n t h e q u a n t i t y of combustible m a t e r i a l s . The r e l a t i v e i n c r e a s e i n t h e ease of i g n i t i o n of t h e s e m a t e r i a l s as compared t o e a r l i e r models i n c r e a s e s t h e l i k e l i h o o d of major f i r e s i n t h e i n t e r i o r of t h e c a r [ Z ] .
Under a c o n t r a c t with t h e Washington Metropolitan Area T r a n s i t Authority (WMATA), a program w a s conducted a t t h e Center f o r F i r e Research (CFR) of t h e National Bureau of Standards (NBS) t o assess p o t e n t i a l f i r e and smoke hazards represented by various materials t h a t are being incorpo r a t e d i n t o a r a p i d r a i l system c u r r e n t l y under c o n s t r u c t i o n i n t h e Washington, D.C. Metropolitan Area. t h e question of t h e r e l a t i v e f i r e s a f e t y of t h e i n t e r i o r funishing of t h e subway c a r . system, which would include c o n s i d e r a t i o n of evacuation, t u n n e l and s t a t i o n design, communications, f i r e f i g h t i n g , etc. The program w a s conducted i n t h r e e p a r t s :
This program p r i m a r i l y addressed I t w a s not a complete f i r e s a f e t y a n a l y s i s of t h e subway 1. Small-scale l a b o r a t o r y tests were performed on materials from t h e various components used on t h e i n t e r i o r of t h e M e t r o r a i l car.
2.
A s e p a r a t e of f i r e o r t r a t i n g t o 3. Seven f i r e test w a s a l s o conducted t o a s c e r t a i n t h e l i k e l i h o o d smoke from an i g n i t i o n below t h e f l o o r system penet h e c a r through t h e f l o o r .
tests were conducted on a mock-up car i n t e r i o r i n order t o determine t h e a o v e r a l l e f f e c t s of an assembled system as compared t o t h e f i r e performance c h a r a c t e r i s t i c s of t h e i n d i v i d u a l components.
TEST RESULTS
2.1. Small-Scale Laboratory T e s t s I n t e r i o r f i n i s h m a t e r i a l s proposed f o r use i n Washington Metropolitan Area T r a n s i t Authority (WMATA) M e t r o r a i l cars were s u b j e c t e d t o appro-. p r i a t e small-scale tests. The subassemblies t h a t were t e s t e d included: 1) i n t e r i o r w a l l s , 2) c a r p e t with i n t e g r a l pad, and 3) seat cushions.
The subassemblies were evaluated using NFPA 25811 smoke d e n s i t y chamber [ 3 ] , t h e FAR-25.853, v e r t i c a l test [ 4 ] , and t h e ASTM E-162 r a d i a n t panel test method [SI. (The s e a t cushions w e r e n o t t e s t e d by ASTM E-162.) I n a d d i t i o n , two s p e c i a l tests r e c e n t l y developed at NBS t o e v a l u a t e f i r e performance f o r s p e c i f i c product end-uses were performed. These were t h e Flooring Radiant Panel T e s t (FRPT) [6] f o r t h e c a r p e t ; and t h e uphols t e r y test [ 7 ] f o r t h e seat cushion. R e s u l t s of t h e l a b o r a t o r y tests a r e l i s t e d i n t a b l e 1.
. I n a d d i t i o n , a l l s y n t h e t i c materials w e r e chemically c h a r a c t e r i z e d by i n f r a r e d i n d e n t i f i c a t i o n of t h e base polymer and t h e u s e of X-ray f l u o r e scence f o r t h e q u a l i t a t i v e determination of t h e presence of flame retarda n t a d d i t i v e s . These d a t a are presented i n t a b l e 2. 2 2.1.1.
NFPA -Smoke Density Chamber
This t e s t method measures t h e smoke g e n e r a t i o n of s o l i d specimens exposed t o a r a d i a n t f l u x l e v e l of 2.5 W/cm2.
The smoke produced by t h e burning speckmen i s measured by t h e a t t e n u a t i o n of a v e r t i c a l beam of l i g h t passing through t h e chamber. The maximum a t t e n u a t i o n of t h e l i g h t beam by t h e smoke is a measure of t h e o p t i c a l d e n s i t y o r ''quantity of smoke'' t h a t a m a t e r i a l w i l l g e n e r a t e under t h e given c o n d i t i o n s of t h e test. t i o n c o n d i t i o n s , w i t h t h e specimen i n t h e v e r t i c a l p o s i t i o n , and repres e n t t h e maximum o p t i c a l d e n s i t y , D, , f o r t h e v a r i o u s materials. I n o r d e r t o p l a c e t h e s e r e s u l t s i n t o proper c o n t e x t , comparable r e s u l t s f o r o t h e r materials such as plywood and red oak are 45 and 30, respect i v e l y [8].
The smoke d a t a presented i n t a b l e l w e r e taken under flaming i g n i -
The measured D, values were found t o be r e l a t i v e l y high f o r a l l of t h e materials t e s t e d .
(The i n t e g r a l s k i n urethane foam seat cushions had a Dm v a l u e t h a t w a s 6 times t h a t found f o r t h e s e a t i n g i n t h e Metrobus [9] .) This l a r g e i n c r e a s e may be t h e r e s u l t of t h e high d e n s i t y of t h e i n t e g r a l s k i n urethane foam cushions. The w a l l material a l s o had a r e l a t i v e l y high Dm v a l u e compared 'with comparable-use materials t e s t e d i n o t h e r programs.
The Dm values r e p r e s e n t a measure by which materials can be placed i n a r e l a t i v e ranking. i n a given space, one must know p r e c i s e l y q u a n t i t y , amount burned, and v e n t i l a t i o n . c i p a l l y because of u n c e r t a i n t i e s regarding v e n t i l a t i o n .
To u s e t h e test r e s u l t s i n p r e d i c t i n g smoke level They are n o t known w e l l enough i n t h e p r e s e n t case, prin-2.1.2.
FAR-25.853
This standard, used by t h e Federal Aviation Administration, d e f i n e s both a test procedure and test criteria t h a t determine a c c e p t a b l e smallscale f i r e performance f o r compartment i n t e r i o r materials on t r a n s p o r t category a i r p l a n e s . The test procedure o u t l i n e d i n t h i s standard is a v e r t i c a l t e s t w i t h a 3.9-cm (1.5-in) flame a p p l i e d f o r e i t h e r 1 2 seconds o r 60 seconds (determined by t h e end-use of t h e m a t e r i a l ) t o t h e lower edge of a 5-cm (2-in) wide by 30.5-cm (12-in) long specimen. The t e s t records t h e flame t i m e , burn l e n g t h , and flaming t i m e of d r i p p i n g materia l . l e n g t h n o t exceeding 15 t o 20 cm (6 t o 8 i n ) (depending on t h e end-use), a flame t i m e n o t exceeding 15 seconds a f t e r removal of t h e burner, and flaming on t h e f l o o r of t h e c a b i n e t n o t t o exceed 3 t o 5 seconds (end-use dependent).
The test c r i t e r i a r e q u i r e t h a t specimens s e l f -e x t i n g u i s h , w i t h a burn This t e s t procedure w a s a p p l i e d t o t h e i n t e r i o r f i n i s h materials ( w a l l s , c a r p e t , and seat cushions) proposed f o r use i n t h e M e t r o r a i l c a r . A l l of t h e proposed materials passed t h e test c r i t e r i a ( s e e t a b l e 1).
2.1.3.
Radiant Panel T e s t (ASTM . This method measures flame spread and h e a t release under a varying r a d i a n t f l u x range from 4 t o 0.3 W/cm2. defined as t h e produce of t h e flame spread f a c t o r and t h e h e a t release of a burning sample. The h i g h e r t h e index, t h e g r e a t e r i s t h e flammab i l i t y .
es found f o r t h e c a r p e t and w a l l l i n i n g , An Is v a l u e of less than 75 is considered a c c e p t a b l e f o r t h e w a l l s and c e i l i n g s of c o r r i d o r s i n comercia1 b u i l d i n g s , but a v a l u e of less than 25 is commonly required f o r c o r r i d o r l i n i n g s i n i n s t i t u t i o n a l buildings.
A flammability index, Is, is
The values t a b u l a t e d i n t a b l e 1 r e p r e s e n t t h e flammability index-
2.1-4. NBS Flooring Radiant Panel T e s t t
This test method exposes a specimen placed h o r i z o n t a l l y t o a r a d i a n t energy g r a d i e n t t h a t v a r i e s along a 1-meter l e n g t h from 1.1 W/cm2 t o 0.1 W/cm2.
end. extinguishes i t s e l f determines t h e c r i t i c a l r a d i a n t f l u x (CRF) necessary t o support continued flame propagation.
is t h e f i r e s a f e t y of t h e c a r p e t .
The specimen i s i g n i t e d by a small flame a t t h e h i g h energy The d i s t a n c e burned t o t h e point a t which t h e f l o o r i n g material The higher t h e CRF, t h e b e t t e r
The c a r p e t specimen d i d not i g n i t e i n t h i s test. That means t h a t t h e c r i t i c a l r a d i a n t f l u x necessary t o support combustion on t h e c a r p e t s u r f a c e is g r e a t e r than 1.1 W/cm2. A f i r e i n i t i a t e d ;on t h e c a r p e t , e.g., from a newspaper would n o t propagate; nor would a f i r e on a seat assembly cause propagation on t h e c a r p e t more than a few inches from t h e exposure area.
* :i 2.1.5.
Upholstery T e s t s on Urethane Seat Assemblies
A test method has r e c e n t l y been developed a t NBS t o determine t h e i g n i t a b i l i t y of upholstered f u r n i t u r e when exposed t o a l i g h t e d cigarette. The test, t o determine i f an assembly does o r does not i g n i t e , is performed on f l a t s u r f a c e s ( L e . , seat cushions) and i n t h e c r e v i c e s on t h e e n t i r e assembly ( L e . , j u n c t i o n of t h e back and seat cushions), t h e o r i g i n a l i n t e g r a l s k i n urethane seats were t e s t e d according t o t h i s test method. l i g h t e d c i g a r e t t e .
Only
The seat assembly d i d not i g n i t e when i n c o n t a c t with a Another series of tests were conducted, using a methenamine p i l l i g n i t i o n source i n p l a c e of t h e c i g a r e t t e .
areas of t h e seat assembly d i d n o t produce an i g n i t i o n . p i l l s were placed on t h e seat cushion without producing a s u s t a i n e d i g n i t i o n .
The p i l l , placed i n v a r i o u s As many as 1 1
Various o t h e r low-level i g n i t i o n tests were used t o determine t h e i g n i t a b i l i t y l e v e l of t h e i n t e g r a l s k i n urethane seat cushion. The a d d i t i o n of two p i l l s t o an a l r e a d y burning p i l l i n a c r e v i c e caused i g n i t i o n and s e l f -s u s t a i n e d burning of t h e seat assembly. The same was found t o be t r u e if a book of matches replaced t h e p i l l s . I n a subsequent t e s t , l i g h t e r f l u i d w a s poured onto t h e seat assembly and i g n i t e d with a match. A follow-up test w a s conducted by pouring l i g h t e r f l u i d i n a 0.64-cm (1/4-in) deep s l i t c u t int.0 t h e seat cushion. of t h e s e a t cushion.
The l i g h t e r f l u i d burned without i g n i t i n g t h e seat assembly.
This r e s u l t e d i n i g n i t i o n These r e s u l t s i n d i c a t e t h a t t h e car i n t e r i o r may n o t r e a d i l y b e i g n i t e d by very s m a l l i g n i t i o n sources.
2.2.
M e t r o r a i l Car T e s t -Smoke P e n e t r a t i o n Non-destructive t e s t i n g on a completed M e t r o r a i l car w a s performed t o e v a l u a t e t h e i n t e g r i t y of t h e f l o o r assembly a g a i n s t t h e passage of smoke i n t o t h e i n t e r i o r compartment from an e x t e r i o r f i r e . Since t h e car's f l o o r assembly could n o t , f o r economic reason, be exposed t o an a c t u a l f i r e condition, t h e s e t e s t s were designed t o b e non-destructive and t o reveal t h e e x i s t e n c e of any "holes" i n t h e f l o o r assembly as a r e s u l t of c o n s t r u c t i o n procedures.
A p l a s t i c s k i r t w a s b u i l t around t h e perimeter of t h e car. Three ionization-type smoke d e t e c t o r s w e r e l o c a t e d along t h e c e n t e r a i s l e of t h e car approximately 0.91 m ( 3 f t ) from t h e f l o o r opposite each s i d e e x i t door. i n f o u r d i f f e r e n t l o c a t i o n s below t h e subway car and i g n i t e d .
A combination of one-and three-minute smoke bombs were placed I n a d d i t i o n t o t h e i o n i z a t i o n d e t e c t o r , v i s u a l observation w i t h i n t h e car w i t h a high i n t e n s i t y lamp w a s conducted. This test w a s repeated with n e g a t i v e r e s u l t s each t i m e . As long as 10 minutes a f t e r i g n i t i o n of t h e smoke bombs, no d e t e c t a b l e leakage i n t o t h e car i n t e r i o r w a s observed.
. 3 . F u l l -s c a l e Car Mock-up Tests
Seven f i r e tests w e r e conducted on a mock-up M e t r o r a i l car i n t e r i o r .
The mock-up contained f l o o r , w a l l , and c e i l i n g s e c t i o n s p l u s t h r e e seat frames -two t r a n s v e r s e double seats and one l a t e r a l s i n g l e seat ( f i g . 1 ) .
A l l f u l l -s c a l e tests were done on o r under t h e c e n t e r assembly shown i n f i g u r e 1. The f l o o r w a s carpeted. The seat cushions v a r i e d from t e s t t o test ( s e e t a b l e 3 ) .
No f i r e endurance tests were run on t h e f l o o r assembly. The cons t r u c t i o n of t h e f l o o r i s , i n our judgment, such as t o provide about 10 minutes r e s i s t a n c e t o t h e f i r e p e n e t r a t i o n i n t h e standard ASTM E-119 [l].
While t h e small-scale tests on subassemblies have a w e l l defined r a t i n g scale, f u l l -s c a l e tests r e q u i r e a s u b j e c t i v e evaluation. This e v a l u a t i o n w a s made i n terms of v e r t i c a l and h o r i z o n t a l flame spread, temperature rise, and smoke density. Two g e n e r a l c r i t e r i a were used t o e v a l u a t e t h e f u l l -s c a l e tests: s p r e a d of f i r e from t h e seat of i g n i t i c h ; and 2) t h e smoke l e v e l s h a l l be such a s t o allow e g r e s s i n a reasonable t i m e from a burning c a r . The t e s t w a s conducted using one of t h r e e l e v e l s of energy t o s t a r t t h e f i r e . 1 ) t h a t t h e r e s h a l l be no s i g n i f i c a n t
1.
The l e a s t i n t e n s e i g n i t i o n l e v e l used w a s a paper t r a s h bag containing one f u l l s h e e t of newspaper -30 g ( 1 0 2 ) .
2.
A second and higher level of i g n i t i o n source w a s -45 kg (1 l b )
of loosely stacked newspaper.
3.
The h i g h e s t i n t e n s i t y i g n i t i o n source w a s t h e equivalent of a Sunday newspaper -.91 kg (2 lbs) of l o o s e l y stacked newspaper.
These were used a t t h r e e d i f f e r e n t l o c a t i o n s as o u t l i n e d i n t a b l e 3.
2.3.1.

I n t e g r a l Skin Urethane Foam Seat
There were t h r e e f u l l -s c a l e tests (Nos. 1, 4 , and 6 ) with an i n t e g r a l s k i n urethane foam seat cushion. These tests involved t h e same foam formulation, b u t d i f f e r e d i n t h e amount of flame r e t a r d a n t a d d i t i v e . T e s t s 1 and 4 were on t h e outboard seat with a t r a s h bag and -91 kg (2 l b ) newspaper, r e s p e c t i v e l y , as t h e i g n i t i o n sources. T e s t 6, series 20 foam, involved a t r a s h bag placed on an aisle seat.
I n a l l t h r e e cases, i g n i t i o n of t h e foam occurred approximately two A t t h i s t i m e , t h e minutes a f t e r i g n i t i o n of t h e t r a s h bag o r newspaper. apparent rate of smoke evoluation increased. growth w a s very slow. s u f f i c i e n t s i z e t o ignite t h e adjacent w a l l panel. A f t e r t h e i g n i t i o n of t h e armrest on t h e w a l l panel, flame progressed r a p i d l y up t h e w a l l and t h e f i r e was extinguished 18.5 minutes a f t e r i g n i t i o n of t h e t r a s h bag .
I n T e s t 1, t h e rate of f i r e . It took 16.5 minutes f o r t h e f i r e t o grow t o a I n i t a l l y , T e s t 4 w a s similar t o t h e previous test. The seat back became involved two minutes a f t e r t h e newspaper w a s i g n i t e d . However, due t o t h e l a r g e i g n i t i o n sources, t h e armrest began t o char 6 minutes i n t o t h e test and f i n a l l y i g n i t e d one minute later. very r a p i d and, a t approximately 9 minutes a f t e r i g n i t i o n of t h e newspaper, t h e window f e l l out of its frame followed immediately by t h e comp l e t e involvement of t h e s i d e w a l l panel. The test w a s terminated 9.8 minutes a f t e r i g n i t i o n .
Flame spread w a s T e s t 6 w a s an a i s l e seat i g n i t i o n using a t r a s h bag as t h e i g n i t i o n source. s e a t back became completely engulfed i n flames 8.3 minutes i n t o t h e t e s t . Flames on t h e seat cushion w e r e confined t o t h e back h a l f of t h e cushion.
I g n i t i o n of t h e foam occurred i n approximately 2 minutes. The
The second seat back, t h e outboard seat of t h e same seat assembly, i g n ited 2.2.minutes l a t e r , 10.5 minutes a f t e r i g n i t i o n . The f i r e w a s extinguished 11 minutes a f t e r i g n i t i o n , b e f o r e i t had spread completely a c r o s s t h e second s e a t involving t h e w a l l panel. A f t e r t h e t e s t , i n s p e c t i o n of t h e w a l l p a n e l revealed a r e a s of s o f t e n i n g but riot charring. t h i s e n t i r e t e s t , t h r e e animals housed i n a s p e c i a l l y designed cage, were exposed t o a f r a c t i o n of t h e t o t a l combustion gases produced. response c h a r a c t e r i s t i c s during t h e test and t h e i r biochemical characteri s t i c s a f t e r t h e test were recorded (see s e c t i o n 3 . 4 . ) .
During Their
Vinyl-Covered Neoprene Foam Seat Cushions
Three tests (Nos. 2, 3 and 5 ) , using vinyl-covered neoprene foam seat cushions, were performed i n t h e f u l l -s c a l e mock-up of t h e subway c a r .
Each test w a s conducted w i t h t h e i g n i t i o n source i n a d i f f e r e n t l o c a t i o n ( s e e t a b l e 3 ) .
I n T e s t 2, .91 kg (2 l b s ) of newspaper w e r e l o o s e l y stacked on t h e outboard seat. Approximately 2.5 minutes a f t e r i g n i t i o n of t h e paper, t h e seat back i g n i t e d . This caused an i n c r e a s e i n t h e r a t e of smoke e v o l u t i o n followed by a s o f t e n i n g of t h e w a l l panel, 4.5 minutes i n t o t h e t e s t . The w a l l p a n e l s e p a r a t e d a t t h e seam l i n e exposing t h e i n s u l a t i o n behind i t , 8 . 3 minutes a f t e r i g n i t i o n , and f i n a l l y i g n i t e d a t 11.5 minutes. The ensuing flame spread w a s vigorous and t h e f i r e was extinguished approximately 1 2 minutes a f t e r i t began.
I n T e s t 3 , -91 kg (2 l b s ) of newspaper were l o o s e l y placed below t h e c e n t e r seat assembly on t h e outboard s i d e . Approximately 2.5 minutes a f t e r t h e test began, t h e v i n y l upholstery on t h e seat cushion d i r e c t l y above t h e i g n i t i o n source had begun t o char. T h i r t y seconds l a t e r i t w a s noted t h a t l a r g e amounts of gray smoke were being produced by t h e seat cushions. For t h e next 1 7 minutes, t h e i g n i t i o n source burned a t a s t e a d y r a t e and smoke w a s evolving a t a reasonably constant r a t e from t h e s e a t cushion. T e s t 3 w a s terminated a f t e r 20 minutes with minimal damage t o t h e subway c a r assembly. Throughout t h i s test t h e r e w a s no v i s i b l e i n d i c a t i o n of flame spread a c r o s s t h e upper s u r f a c e of t h e seat cushion. A f t e r t h e t e s t , a n i n s p e c t i o n of t h e mock-up assembly revealed s e v e r a l areas of c h a r r i n g along t h e lower w a l l panel. The c a r p e t w a s damaged i n t h e area covered by t h e i g n i t i o n source; however, t h e r e w a s no i n d i c a t i o n of flame spread along t h e c a r p e t s u r f a c e . Smoldering of t h e a d j a c e n t seat cushion had been i n i t i a t e d by t h e newspaper f i r e , but t h e r e w a s no accompanying flame spread.
T e s t 5 w a s c a r r i e d o u t on t h e a i s l e seat with .45 kg (one pound) of newspaper l o o s e l y s c a t t e r e d on t h e seat cushion. The seat back i g n i t e d 4.5 minutes a f t e r i g n i t i o n of t h e paper. continued t o burn f o r t h e next 16 minutes when approximately 80 percent of t h e u p h o l s t e r y had been consumed. Throughout t h i s time period, a dark gray stream of smoke w a s being produced. w a s introduced i n t o a s u i t a b l y designed chamber containing t h r e e animals
The s e a t back a i s l e cushion A f r a c t i o n of t h e smoke a s i n T e s t 60 The t e s t was completed i n 20.3 minutes. I n this t e s t , t h e vinyl-covered neoprene s e a t cushions d i d not propagate a flame beyond t h e seat of o r i g i n .
. 3 . 3 . Blank Test
It was noted i n earlier tests performed on outboard seat cushions, both urethane and vinyl/neoprene, t h a t the i g n i t i o n of t h e w a l l panels represented a c r i t i c a l end p o i n t i n determining t h e f u t u r e course of t h e f i r e . Therefore, a test w a s conducted whose purpose i t w a s t o determine t h e r o l e of t h e w a l l panels i n passing o r f a i l i n g t h e c r i t e r i a previously o u t l i n e d f o r t h e e n t i r e subway assembly.
I n t h i s experiment, t h e seat cushions were replaced by an asbes-toscement board.
-91 kg (2 l b s ) of newspaper were placed on t h e outboard s i d e of t h e se9t frame. I g n i t i o n of t h e armrest occurred 2.3 minutes a f t e r t h e start of t h e test. It took an a d d i t i o n a l 30 seconds b e f o r e s t a b l e burning developed on t h e armrest and, f o r approximately t h e next 4 minutes, flaming combustion w a s confined t o t h e lower h a l f of t h e w a l l assembly. From 7.3 t o 8.0 minutes a f t e r t h e i g n i t i o n of t h e newspaper, flaming w a s evident on t h e upper w a l l panel at which t i m e t h e access door i n t h e upper p o r t i o n of w a l l panel swung out of t h e path of t h e f i r e . With t h e removal of combustible material above t h e flame f r o n t , burning progressed very slowly i n t h e h o r i z o n t a l d i r e c t i o n towards t h e forward seat assembly. Thirteen minutes a f t e r i n i t i a l i g n i t i o n of t h e newspaper t h e t e s t w a s terminated.
. ANALYSIS OF FULL-SCALE TEST RESULTS
Temperature and Heat Flux Data
Temperatures i n various a r e a s of t h e mock-up s t r u c t u r e w e r e monitored throughout each test. t h e p o s s i b i l i t y of f u l l involvement of t h e combustible contents of t h e car i n t e r i o r [lo] . The temperature of these gases was c a l c u l a t e d by averaging t h e compartment gas temperatures a t 7 l o c a t i o n s , 25 t o 50 mm (1 t o 2 inches) below t h e i n t e r i o r c e i l i n g . The upper compartment gas temperature relates t o
The tests involving urethane cushions produced average c e i l i n g temperatures ranging from 138 O C t o 288 O C . during an a i s l e test where t h e test w a s terminated p r i o r t o t h e involvement of t h e w a l l . i g n i t i o n of t h e s i d e w a l l panel.
The lower reading occurred
The h i g h e s t temperature i n c r e a s e coincides w i t h t h e material. The first test involved a trash bag ignition, that developed very slowly into a well defined fire. smoke level reached . 3 3 OD/m.
The test was terminated before the For the remaining six tests, the time between a .10 OD/m and a -3 3 OD/m varied with the type of seat cushions used. A comparison of Tests 2 and 4 ( fig. 7) , shows that after the initial 4 minutes the change in OD/m was more rapid for the urethane seat assembly than for the vinyl-covered neoprene seat cushions. involved, the difference in the OD/m was significant, the difference between Tests 5 and 6 is an example (see fig. 8 ) .
Even in those tests where the wall did not become
Gas Data
The combustible gases were analyzed for CO, C02, and 02 concentration in two locations within the test compartment at the ceiling and at 1.5 m (5 ft) from the floor ( fig. 6 ). Two additional sampling lines were located near the ceiling in order to monitor the production of hydrogen chloride and hydrogen cyanide. In Test 5 and Test 6, an additional set of sampling probes was installed on the intake of the animal cage.
Previous studies have been conducted in order to determine human tolerance levels (i.e., incapacitation) for various time exposures of temperature, CO, CO2, and 02 concentration Ill]. in table 6 . It should be recognized that these data represent approximate tolerance limits for individual gases and, therefore, ignore the effects of these gases in combination with each other and the possible presence of other gases in the combustion gas stream.
These are summarized The peak gas concentrations and the time at which they occurred are summarized for all 7 tests in table 7. Except for the first.test, peak gas concentrations of carbon monoxide and carbon dioxide occurred between 8.5 minutes and 9.3 minutes after ignition of the initial fuel source (i.e., newspaper or trash bag). Available oxygen was minimum at this time period.
level, shows that only Test 1 and Test 4 exceeded the 1.5 percent carbon monoxide limit. At the 1.5-m (5-ft) level carbon monoxide concentration never approached the limits listed in table 6. The carbon dioxide concentrations at both the ceiling and 1.5-m (5-ft) levels never exceeded the 5-second tolerance limit. In addition, the oxygen concentration never dropped below the hazard limit.
Comparing table 6 with these data, for the 5 second exposure
The small drop in oxygen concentration for a l l 7 tests indicates that the entire compartment was well ventilated. This mock-up was approximately 10% of the actual volume of the Metrorail car. concentrations represent the conditions in the immediate vicinity gf the fire and, without a known dilution factor, extrapolation to the full size car cannot be made. closed loop air supply system any fire occurring within a car would, initially, develop in the same manner as observed in these tests. would continue until a ventilation restricted regime occurr.ed. However, the gas Since the actual.subway car does not have a This Tolerance levels for rats when exposed to hydrogen cyanide, HCN, has been found to be 50 ppm. At this concentration level, incapacitation occurs in 3 minutes and death in 8 minutes [12] . the concentration of hydrogen cyanide was determined in the center of the ceiling of the mock-up subway car. centration levels within the subway car. exposure limits necessary to induce incapacitation in rats, ignoring any effects from other gases and not taking into account the dilution due to the scaling factor. Table 8 summarizes the HCN conThese levels are below the Hydrogen chloride was not detected in the combustion products of any of the 7 tests at the sensitivity of the instrumentation, which was about 50 ppm. 
In Test 1 and Test 4 ,
Animal Response Data
In Tests 5 and 6 , a specially designed animal cage was attached to an exhaust line so that a fraction of the combustion gases leaving the compartment were introduced to 2 rats trained to walk in a motorized rotating wheel. A third rat, untrained and cannulated in order to facilate the rapid removal of blood samples, w a s also placed in the cage. The animals' performances were observed throughout the duration of the test In neither of these tests did death occur. However, in Test 6, it was noted that one of the trained rats had difficulty in performing the required task (i.e., walking) 6.5 minutes into the test. At the completion of the test the second trained rat exhibited inconsistent behavior. Table  9 is a summary of the blood chemistry for the animals used in Tests 5 and 6.
. DISCUSSION
While the results of the laboratory tests such as FAR 25.853 indicate that satisfactory fire performance was achieved for all the materials used in the interior of the subway car, the full-scale experiments show that these materials fail to perform in their end-use configuration as predicted by these small-scale tests. Also, the smoke generating properties of these materials, as measured by NFPA 258T, were found to be high. This finding was supported by the full-scale experiments.
The smoke penetration test demonstrated the effectiveness of the f l o o r assembly in preventing the passage of smoke into the passenger compartment. This test, however, presumes that the floor assembly has the ability to resist a maximum 10 minute fire severity from an undercarriage fire. Table 4 . Maximum Rate of Heat T r a n s f e r f o r Three Locations I n the Metro Subway Car Mock-up 
